Polytopic membrane proteins are inserted cotranslationally into target membranes by ribosome-translocon complexes. It is, however, unclear when during the insertion process specific interactions between the transmembrane helices start to form. Here, we use a recently developed in vivo technique to measure pulling forces acting on transmembrane helices during their cotranslational insertion into the inner membrane of Escherichia coli to study the earliest steps of tertiary folding of five polytopic membrane proteins. We find that interactions between residues in a C-terminally located transmembrane helix and in more N-terminally located helices can be detected already at the point when the C-terminal helix partitions from the translocon into the membrane. Our findings pinpoint the earliest steps of tertiary structure formation and open up possibilities to study the cotranslational folding of polytopic membrane proteins.
Polytopic membrane proteins are inserted cotranslationally into target membranes by ribosome-translocon complexes. It is, however, unclear when during the insertion process specific interactions between the transmembrane helices start to form. Here, we use a recently developed in vivo technique to measure pulling forces acting on transmembrane helices during their cotranslational insertion into the inner membrane of Escherichia coli to study the earliest steps of tertiary folding of five polytopic membrane proteins. We find that interactions between residues in a C-terminally located transmembrane helix and in more N-terminally located helices can be detected already at the point when the C-terminal helix partitions from the translocon into the membrane. Our findings pinpoint the earliest steps of tertiary structure formation and open up possibilities to study the cotranslational folding of polytopic membrane proteins.
protein folding | membrane insertion | helix-helix interactions W hen and how do polytopic helix-bundle membrane proteins fold? In vitro studies have shown that purified membrane proteins can fold from a denatured state (1) (2) (3) . Coexpression or coreconstitution of artificially severed membrane proteins can also yield functional, properly folded protein (4) (5) (6) . Posttranslational folding of (some) membrane proteins is thus clearly possible; however, nearly all polytopic membrane proteins are integrated into the membrane cotranslationally (7) . Given that membrane insertion is a relatively slow process that is essentially limited by the rate of translation, it seems likely that much of the folding process might be cotranslational in vivo. Because of a lack of good assays, this idea has been difficult to test experimentally. The best support for it thus far has been obtained by end-point studies that compare the efficiency of membrane insertion of marginally hydrophobic transmembrane helices (TMHs) in their natural sequence context and when interacting residues in the protein have been removed by mutagenesis (8) (9) (10) (11) (12) (13) , but such studies cannot identify the precise point during the translation-insertion-folding process when interactions between TMHs first develop.
Bacterial inner membrane proteins and eukaryotic membrane proteins found in the plasma membrane or in organelles along the exo-and endocytic pathways are cotranslationally inserted into the inner membrane (in bacteria) or the endoplasmic reticulum (in eukaryotes) via evolutionarily related Sec-type translocons: the SecYEG translocon in bacteria and the Sec61 translocon in eukaryotes (14, 15) . As they exit the ribosome, the TMHs in a nascent membrane protein appear to move sequentially into the membrane through a lateral gate in the wall of the translocon channel (16, 17) . The TMHs are thought to sample the environment immediately outside the lateral gate and insert into the membrane with efficiencies that depend on their hydrophobicities (18) .
An obvious consequence of a sequential, cotranslational insertion mechanism is that more C-terminally located TMHs become exposed not only to the lipid environment outside the lateral gate, but also to all previously inserted TMHs in the same polypeptide chain. In principle, a C-terminally located TMH could therefore interact with upstream TMHs, facilitating its transition into the membrane. Recent studies have already hinted that distant parts of a polypeptide chain can influence the membrane insertion of a given TMH (8, 19, 20) .
Here, we set out to determine the earliest point at which it is possible to detect interactions between a C-terminal TMH and more N-terminally located TMHs during cotranslational protein insertion into the inner membrane of Escherichia coli. We use a recently established in vivo assay (21) to indirectly measure the pulling force exerted on a C-terminal TMH during its cotranslational insertion into the membrane, either in the presence or absence of its natural upstream TMHs. We find that interactions between a C-terminal TMH and upstream TMHs can be detected as an increase in the pulling force already at the point at which the C-terminal TMH partitions from the translocon into the membrane and thereby can guide the formation of the tertiary structure as well as membrane insertion at the same time.
Our results help to define the earliest steps along the folding pathway for bacterial inner membrane proteins and to demonstrate the sensitivity of the in vivo force-measurement technique.
Results
Translational Arrest Peptides as in Vivo Force Sensors. We have recently shown that a SecYEG-mediated, cotranslational insertion of a TMH into the inner membrane of E. coli cells generates a pulling force on the nascent chain that can be detected using a translational arrest peptide (AP) engineered into the nascent chain as a force sensor (21) .
In our previous study, pulling forces were measured using constructs with the 17-residue-long AP FSTPVWISQAQGIRAGP from E. coli SecM (22) inserted near the C terminus of the well-characterized E. coli inner membrane protein LepB (Fig.  1A) . LepB has two TMHs near the N terminus and a large periplasmic domain. A sufficiently hydrophobic "test" TMH inserted into the periplasmic domain will experience a pulling force (F) when integrating from the translocon into the membrane; F is transmitted via the nascent chain to the AP (Fig. 1B) . In the absence of F, the ribosome stalls when the final Pro codon in the AP enters the A site, generating a truncated form of the protein (23) . In contrast, if there is sufficient tension in the nascent chain at this point, stalling is prevented and full-length protein is produced. The relative amount of full-length vs. truncated protein is proportional to the hydrophobicity of the test TMH at the point when the ribosome reaches the critical Pro codon (21, 24) . The SecM AP can thus be used as an in vivo force sensor, with the fraction of full-length protein (f FL ) produced serving as a proxy for the physical force exerted on the test TMH at the precise moment when the ribosome reaches the end of the AP.
When the test TMH is inserted into LepB at a length (L) = 37 residues upstream of the critical Pro codon in the AP (Fig. 1A) , the pulling force on the nascent chain is maximal (21) . This corresponds to a situation in which the test TMH has fully entered the SecYEG translocon and is presumably partitioning into the membrane (Fig. 1B) .
We reasoned that we might be able to adapt this system to detect cotranslational interactions between a test TMH in a natural protein and its upstream TMHs by comparing two types of LepB constructs: one in which the test TMH is introduced by itself at L = 37 residues before the C-terminal end of the AP and one in which the part of the natural protein that is N-terminal to the test TMH is also included in the construct (Fig. 1 A and B) .
Our expectation was that interactions between the test TMH and its upstream TMHs, if they add to the free energy of membrane insertion of the test TMH, should give rise to a higher pulling force in the latter type of construct.
The two N-terminal TMHs of LepB were replaced by one (in constructs with multiple TMHs) or two (in constructs with a single test TMH), 19-residue-long hydrophobic segments of composition 8L/11A. The high hydrophobicity of these segments ensures efficient membrane targeting/insertion of all constructs, and the simple sequence composition was chosen to minimize the risk of interfering interactions between these TMHs and the test TMH or its upstream partners. Compared with the LepB construct used in our earlier study (21) , the C-terminal tail following the AP in constructs with multiple TMHs preceding the test TMH was lengthened to 75 residues so that the arrested and full-length forms of the protein could be cleanly separated by SDS/PAGE. Two N-terminal TMHs of composition 8L/11A (black) are followed by a 151-residue-long spacer segment from LepB. The C-terminal test TMH(i+1) (yellow) is followed by a linker of fixed length, the SecM arrest peptide (AP; brown), and a 23-residue long C-terminal tail. (Lower) Construct used to measure pulling forces on the test TMH in the context of the natural protein. Because all five tested proteins possess a cytoplasmic N terminus and all test TMHs are evennumbered (C), only one 8L/11A TMH is included to maintain the N out -C in orientation of the test TMH. The N-terminal part of the test protein [TMH1-TMH(i); blue] and the C-terminal test TMH(i+1) is followed by a linker of fixed length, the SecM arrest peptide, and a 75-residue C-terminal tail. (B) For L = 37 residues, F on the nascent chain is maximal and the TMH spans the translocon (21) . The cartoons show LepB constructs with an isolated test TMH (Left) and with the test TMH in its natural sequence context (Right). (C) The free energy of membrane insertion of each TMH in CaiT, BtuC, NhaA, EmrD, and GlpT was predicted using the delta-G predictor (18) . The C-terminal test TMHs are highlighted (yellow circle). Structures are color-coded from N terminus (blue) to C terminus (red).
For this study, we chose five polytopic membrane proteins from E. coli with solved crystal structures: L-carnitine/γ-butyrobetaine antiporter CaiT [Protein Data Bank (PDB) ID code 2WSX] (25), sodium/proton antiporter NhaA (PDB ID code 1ZCD) (26) , multidrug transporter EmrD (PDB ID code 2GFP) (27) , vitamin B12 permease BtuC (PDB ID code 1L7V) (28) , and glycerol-3-phosphate transporter GlpT (PDB ID code 1PW4) (29) . All five proteins have their N terminus facing the cytoplasm and hence are correctly orientated in the inner membrane when fused after the first 8L/11A TMH in LepB (Fig.  1B) . The apparent free energy of membrane insertion (ΔG app ) of each of the TMHs in the five proteins was predicted using the delta-G predictor (18) . As can be seen in Fig. 1C , some of the TMHs have positive predicted ΔG app values, indicating an inefficient insertion into the membrane and a low pulling force in the absence of stabilizing interactions. We picked one C-terminally located TMH with a positive predicted ΔG app value from each protein (yellow dots) and measured the pulling force on the TMH, both in the presence and absence of its natural upstream TMHs.
The Presence of N-Terminal TMHs Increases the Pulling Force on C-Terminal TMHs. In the absence of N-terminal TMHs, the pulling force acting on the C-terminally located test TMHs at L = 37 residues was low in all cases, as is evident from the low f FL values (Fig. 2B , yellow bars; see Fig. S1 for typical gels). On the other hand, f FL increased significantly in every case when the N-terminal TMHs were present (blue bars). Thus, the presence of the N-terminal TMHs leads to an increase in the pulling force on the test TMH where it partitions from the translocon into the membrane in all five proteins.
In an attempt to break interactions between the C-and N-terminal TMHs, we mutated selected polar or charged residues in each of the test TMHs to alanine (Fig. 2A) . The chosen residues are buried inside the protein, as seen in the crystal structures, and interact either with backbone atoms or amino acid side chains in the N-terminal TMHs. Because these mutations make the C-terminal test TMHs more hydrophobic, they should significantly increase f FL for the constructs that do not include the N-terminal TMHs.
As expected, the mutations led to an increase in f FL for the constructs that lack N-terminal TMHs ( Fig. 2B ; compare yellow and orange bars). Strikingly, however, the mutations led to a decrease in f FL in all constructs where the N-terminal TMHs are present (blue vs. green bars); the presence/absence of the N-terminal TMHs made little difference for the mutated test TMHs (orange vs. green bars). The increase in f FL seen for the nonmutated C-terminal test TMHs in the presence of the N-terminal TMHs (yellow vs. blue bars) thus reflects specific interactions between the TMHs.
For TMH8 of BtuC, the three target residues were also individually mutated to alanine (Fig. 2C) . All three mutations led to an increase in f FL in constructs lacking the N-terminal TMHs (yellow vs. orange bars). For the P261A mutant, f FL was significantly higher in the construct that includes the N-terminal TMHs than in their absence (orange vs. green bars), indicating that TMH8 still interacts with the N-terminal TMHs and that P261 is not a major contributor to TMH interactions at this early point of BtuC folding. In contrast, in the presence of the N-terminal TMHs, f FL was significantly lower in the G254A mutant compared with wild-type TMH8 (green vs. blue bars); the presence/ absence of the N-terminal TMHs made little difference (green vs. orange bars), suggesting that this mutation weakens the interaction between TMH8 and the N-terminal TMHs. In the fully folded structure, G254 is located in a distorted part of TMH8 and we speculate that mutation to alanine might induce a more regular helical structure that cannot interact well with surrounding TMHs. For the H262A mutant, finally, f FL was close to maximal even in the absence of the N-terminal TMHs (orange bar); we therefore cannot say whether the upstream TMHs affect the pulling force in this case (orange vs. green bar).
Mutations in N-Terminal TMHs Can Reduce the Pulling Force on C-Terminal TMHs. If interactions of hydrophilic residues in C-terminal TMHs with more N-terminal parts of the protein contribute to the pulling force, the pulling force should also be sensitive to mutations in the N-terminal TMHs. Judging from the X-ray structures, most polar interactions between the test and N-terminal TMHs are between the mutated residues marked in Fig. 2A and the peptide backbone in N-terminal TMHs, making mutagenesis difficult. Nevertheless, for GlpT and BtuC, distinct side-chain interactions can be seen in the structures. We therefore mutated the interacting residues in the N-terminal parts of these two proteins to alanine but kept the C-terminal TMHs unchanged.
In the crystal structure of GlpT, E299 in the C-terminal TMH8 is located close to possible interaction partners K46 and H165 (30) , both of which are buried deep in the protein interior (Fig.  3A) . To test if interactions between E299 and either one of these residues occur during membrane insertion of TMH8, the mutations K46A and H165A were introduced separately and together in the N-terminal part of the protein and the pulling force on the test TMH8 was measured. We observed a decrease in f FL for both mutations, indicating that these residues actively influence the insertion of TMH8. When both residues were simultaneously changed to alanine, a more marked decrease in f FL was observed, corresponding roughly to the sum of the changes in f FL observed for the single mutations.
In the C-terminal TMH8 of BtuC, P261 and H262 both appear to interact with Q78 in the N-terminal part of the protein (Fig.  3B) . Mutating Q78 to alanine led to a decrease in f FL of a similar magnitude as seen when G254, P261, and H262 in TMH8 were simultaneously mutated to Ala (Fig. 2) .
As a control, we also mutated one polar residue located far from the C-terminal test TMHs in each of the five proteins. As expected, none of these mutations affected f FL (Fig. S2) .
These results further strengthen the conclusion that specific interactions between residues in C-and N-terminally located TMHs form early during membrane insertion and possibly align TMHs for tertiary structure formation.
Increased Separation Between C-and N-Terminal TMHs Reduces the
Pulling Force on C-Terminal TMHs. It is conceivable that the separation between the C-terminal test TMH and the N-terminal TMHs could influence the pulling force. To address this possibility, we introduced an additional 85 residues from the periplasmic domain of LepB into the loop between the test TMH and the N-terminal TMHs. A significant reduction in f FL was observed for EmrD, NhaA, and GlpT (Fig. 3C) . A marginal decrease was seen for BtuC, and no effect was apparent for CaiT. Thus, long intervening loops can reduce the efficiency with which contacts between the C-terminal TMH and the N-terminal TMHs are formed, at least in some cases.
Hydrophobic Interactions of Lipid-Exposed Side Chains Promote the
Membrane Insertion of C-Terminal TMHs. Finally, we probed the contribution of lipid-exposed residues to the insertion of C-terminal TMHs in the presence of the N-terminal TMHs. Single residues with a lipid-exposed hydrophobic side chain were mutated to alanine (Fig. 4) . If these hydrophobic side chains contribute to the membrane insertion of the test TMHs, mutating them to alanine should result in decreased pulling force. Indeed, f FL decreased in all cases, indicating that not only hydrophilic interactions with N-terminal protein parts, but also hydrophobic interactions with the surrounding lipid contribute to the pulling force.
Discussion
In E. coli, most helix-bundle inner membrane proteins are cotranslationally inserted into the membrane via the SecYEG translocon. Individual TMHs are believed to be released from the translocon into the membrane in a sequential fashion (17) . There is, however, a wide gap in our knowledge concerning the steps that lead from the insertion of individual TMHs to the final folded state of polytopic membrane proteins. At some point, individual TMHs have to engage in interactions to form the tertiary structure, and many proteins further incorporate cofactors and/or form oligomers (31) .
When does the tertiary structure of a polytopic membrane protein begin to form and what are the sequence determinants? In this study, we have tried to define the earliest point at which a TMH engages in specific interactions with more N-terminally located TMHs. Using a recently developed assay in which the SecM translational arrest peptide is used as a force sensor, we For all five proteins, we find that interactions between residues buried in the interface between the chosen C-terminal test TMH and N-terminal TMHs contribute to the overall pulling force exerted on the C-terminal TMH (Fig. 2) . The pulling force is sensitive to mutations of interacting residues both in the C-terminal and the N-terminal TMHs (Figs. 2 and 3 ) and is weakened when the loop that connects the C-terminal TMH to the N-terminal TMHs is lengthened (Fig. 3) . Finally, reducing the hydrophobicity of lipid-exposed residues in the C-terminal TMHs reduces the pulling force (Fig. 4) .
These observations suggest a folding pathway for polytopic membrane proteins in which at least the early steps are cotranslational. More C-terminally located TMHs can "sense" the presence of N-terminal TMHs already at the point when they are exiting the translocon, and interactions between polar residues in the C-terminal TMH and in N-terminal TMHs help promote membrane integration. Thus, tertiary interactions can already form in or in the immediate vicinity of the translocon. When the loop separating the C-terminal TMH from the upstream parts of the protein is lengthened, the tertiary interactions are weakened, possibly because the N-terminal TMHs are no longer held in close proximity to the translocon when the C-terminal TMH emerges from the ribosome. This may be one reason why loops between TMHs in polytopic membrane proteins tend to be short (33) and multidomain polytopic membrane proteins are rare (34) .
Translational arrest peptides provide exquisitely sensitive in vivo sensors to detect forces acting on a nascent polypeptide chain during translation (21) . As shown here, using such sensors, it is possible to pick up forces generated by interactions between TMHs during translocon-mediated membrane insertion, opening up possibilities to study the early folding steps that guide tertiary structure formation in polytopic membrane proteins.
Materials and Methods
Cloning and Mutagenesis. The previously described pING plasmid encoding a variant of leader peptidase (LepB), with an introduced test segment of composition 6L/13A followed by the E. coli SecM arrest-peptide (20; Fig. S1 ), was altered to fit the requirements of this study. Synthetic oligonucleotides were obtained from MWG, coding for either one or two 8L/11A TMHs with restriction sites NcoI and EagI. These segments were ligated into respectively digested pING plasmid and ligations were confirmed by sequencing. To differentiate between the full-length and the arrested form on SDS gels, 55 residues from EGFP (residues 21-76; GenBank database accession number ACO05019.1) were introduced into the C terminus of constructs carrying the test segments with all N-terminal TMHs, resulting in a 75-aa-residue-long C terminus. Restriction sites AflII and XmaI were present in both pING plasmids [amino acid sequence: WPTGLRLS ("LS" = cTTAAGt AflII)-PGILEDER ("PG" = cCCCGGGa XmaI)] and were introduced into the EGFP fragment amplified by PCR. Ligation was carried out with subsequent sequencing to confirm successful ligation.
The respective parts of the polytopic membrane proteins from E. coli were amplified from the E. coli genome by PCR. Each forward and reverse oligonucleotide contained a KpnI and SpeI restriction site and encoded GGPG or GPGG flanks, respectively. The amplified fragments were PCR-purified, digested with the respective restriction enzymes, and ligated into KpnI/SpeIpredigested pING plasmid in the same location as the H segments used in ref. 20 [i.e., between the amino acid segments GIRLSETS ("TS" = ACTAGT SpeI) and VPGQQNAT ("VP" = GGTACCa KpnI)]. Successful cloning was confirmed by sequencing. Single TMHs were introduced by ligating preannealed and phosphorylated oligonucleotides into KpnI/SpeI-digested pING plasmid. Successful ligation was confirmed by sequencing. Mutagenesis of all constructs was done using partial overlapping oligonucleotides carrying the respective sequence exchanges (35) and was confirmed by sequencing.
The loop region between the C-terminal TMH and the N-terminal part was extended by introducing 85 amino acids from LepB (residues 92-176; GenBank accession no. AAA24064.1) by PCR. Successful insertion was confirmed by sequencing.
Protein Expression, Pulse-Labeling, Immunoprecipitation, and Detection. E. coli MC1061 cells were transformed with the respective pING plasmids. Cells were grown overnight at 37°C in M9 minimal medium, containing 19 amino acids (1 μg/mL) but not methionine. The medium was further supplemented with 0.4% (wt/vol) fructose to repress chimeric protein expression, 100 μg/mL thiamine, 0.1 mM CaCl 2 , 2 mM MgSO 4 and 100 μg/mL ampicillin. Cells were diluted 1:10 and grown to an OD 600 of 0.3. A total of 500 μL of cells were then shaken at 37°C and expression was induced with 0.2% (wt/vol) arabinose for 5 min. Chimeric proteins were radiolabeled with [ 35 S]-methionine for 2 min and the reaction was stopped by the addition of 250 μL of ice cold 50% trichloroacetic acid. After samples were incubated for 60 min on ice, they were centrifuged for 5 min and the precipitate was washed with ice cold acetone. After recentrifugation, the samples were dried at 98°C and the precipitate was solubilized by the addition of SDS containing buffer [10 mM Tris·Cl pH 7.5, 2% (wt/vol) SDS] at 98°C by three cycles of vortexing and heating.
Insoluble material was removed by centrifugation. The supernatant was diluted below the critical micellar concentration of SDS and used for immunoprecipitation using Pansorbin (Calbiochem) and LepB antisera (rabbit). After incubation at 4°C overnight, samples were centrifuged and the immunoprecipitated samples were washed with buffer containing 10 mM Tris·Cl pH 7.5, 150 mM NaCl, 2 mM EDTA, and 0.2% triton X-100. After recentrifugation, the immunoprecipitated sample was solubilized in SDS sample buffer and used for SDS/PAGE. Labeled protein bands were detected by exposing film plates to the dried gel and by scanning in a Fuji FLA-3000 phosphorimager. Intensity profiles were obtained by using Fujifilm ImageGauge software and quantifications were done with EasyQuant software. All structures were generated with PyMOL (The PyMOL Molecular Graphics System, Version 1.3; Schrödinger, LLC.) and ΔG predictions were obtained with the delta-G predictor (http://dgpred.cbr.su.se) (18) .
